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SUMMARY 

The  primary  obstacle  to  the  use  of  ceria  as  a  high  power  density  solid  oxide  fuel  cell  electrolyte  has  been 
a  low  level  electronic  short.  This  develops  under  reducing  (anode)  conditions  as  a  result  of  partial 
reduction  of  the  CeC>2  lattice.  The  result  is  a  decrease  in: 

a)  cell  voltage, 

b)  useful  external  current, 

c)  efficiency, 

d)  power  density. 

A  dopant  concept  has  been  shown  to  lower  the  anode  PO2  below  which  the  short  becomes  detrimental 
(electrolytic  domain  boundary)  by  two  orders  of  magnitude.  TWo  dopants,  A  and  B  have  been  shown  to 
be  effective.  The  optimum  dopant  A  level  was  shown  to  be  1  -  3  metal  atom  percent.  This  reduction  in 
the  electronic  short  current  is  the  primary  achievement  of  this  program. 

Analysis  of  the  activation  energies  for  electronic  and  ionic  conduction  indicate  that  the  dopant  is  effec¬ 
tive  in  reducing  the  short  by  trapping  the  electronic  charge  carriers  rather  than  preventing  partial  re¬ 
duction  of  the  ceria.  Measurement  of  the  grain  boundary  and  bulk  conductivities  show  the  overall 
ionic  conductivity  is  limited  by  grain  boundary  resistance.  If  lower  grain  boundary  resistance  can  be 
achieved  by  processing  changes,  another  two  orders  of  magnitude  improvement  in  electrolytic  domain 
boundary  is  possible. 

An  attempt  to  limit  the  short  by  establishing  an  electronically  resistive  grain  boundary  barrier  layer 
was  abandoned.  A  separate  grain  boundary  phase  was  difficult  to  maintain  during  the  sinter  den- 
sification  step. 

The  dopant  approach  was  selected  for  further  development  in  Phase  n. 

INTRODUCTION 

The  high  operating  temperature  of  zirconia  based  solid  oxide  fuel  cells  has  been  shown  in  many  studies 
to  have  advantages  for  both  space  and  terrestrial  applications.  The  high  heat  rejection  temperature 
minimizes  radiator  size  and  weight  for  air  and  space  applications.  Mobile  and  stationary  terrestrial 
applications  take  advantage  of  a  cell  temperature  high  enough  to  directly  reform  hydrocarbon  fuels, 
achieving  high  efficiency  and  energy  density. 

Government  funded  solid  oxide  fuel  cell  (SOFC)  efforts  are  concentrated  on  the  monolithic  and  tubu¬ 
lar  cell  designs  employing  zirconia  as  the  oxide  ion  conduction  membrane.  Zirconia  requires  an  oper¬ 
ating  temperature  of  1000°C  to  achieve  adequate  electrolyte  conductivity.  All  ceramic  cell  structures 
are  used  in  both  cases,  leading  to  fragile,  failure  prone  cells,  and  manufacturing  steps  which  are  diffi¬ 
cult  to  scale  up  and  costly.  IFC’s  molten  carbonate  fuel  cell  development  demonstrates  the  reliability 
of  ductile  sheet  metal  parts  used  for  gas  flow  fields,  separator  plates,  and  frames  in  the  650°C  tempera¬ 
ture  range.  Ceria  doped  with  gadolinia  has  ionic  conductivity  at  700°C  comparable  to  zirconia  at 
1000°C.  At  700°C  a  variety  of  stainless  steels  offer  acceptable  strength  and  oxidation  resistance  for 
use  as  cell  hardware. 

However  a  critical  issue  must  be  resolved  if  ceria  is  to  be  an  ideal  fuel  cell  electrolyte.  When  exposed  to 
the  reducing  atmosphere  at  the  fuel  side,  it  develops  electronic  as  well  as  ionic  conductivity.  This 
contributes  to  loss  of  efficiency  at  low  power  levels.  This  program  addressed  two  means  of  ameliorat¬ 
ing  this  loss.  They  were: 

1.  Modifying  the  ceria  electronic  structure  through  doping  to  enhance  the  ionic  and  diminish  the 
electronic  conductivity. 
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2.  Incorporating  non-electronically  conducting  barrier  layers  at  the  ceria  grain  boundaries  to  block 

electron  flow. 

Additional  description  for  the  rational  behind  these  approaches  can  be  found  in  the  First  Interim 
Report  for  the  Quarter  Ending  September,  1988,  FCR-9983.  During  Phase  I  of  this  program,  both 
approaches  were  pursued,  and  an  optimum  composition  selected  for  further  development  in  Phase  II. 

RESULTS 

Task  1  Literature  Search 

A  computer  generated  literature  search  was  completed  covering  ceria  and  related  topics  for  the  years 
1970  to  the  present.  The  pertinent  references  appear  in  the  bibliography  organized  according  to  sub¬ 
ject  matter. 

Task  2  Experimental  Evaluation  of  Dopants  to  Increase  the  Ratio  of  Ionic  to  Electronic  Conductivity 
2.1  Sample  Preparation  and  Electrical  Measurement  Techniques 

Samples  were  prepared  from  99.999  percent  oxides  by  the  mixed  oxide  technique  during  this  report 
period.  This  change  to  high  purity  oxides  was  made  in  an  effort  to  ensure  reproducible  and  accurate 
results.  The  materials  were  purchased  from  Cerac.  While  believed  to  be  too  costly  for  practical  fuel 
cell  application,  high  purity  minimizes  the  chance  of  measuring  spurious  results  due  to  tramp  dopants. 

Weighed  quantities  of  the  oxides  were  ground  in  an  agate  mortar  and  pestle,  calcined  at  1000°C  for  18 
hours,  and  then  reground.  Pellets  were  pressed  at  3636  Kg  in  a  1.85  cm  pellet  press  using  2  w/o  DOW 
XUS  40303  experimental  binder.  Sintering  was  accomplished  in  a  Theta  Furnace  at  1600°C  for  12-24 
hours  in  air.  A  heat  up  rate  of  2°/min  and  a  cool  down  rate  of  0.5°/min  were  used  to  minimize  cracking. 
Sintered  sample  thickness  was  of  the  order  of  2.5  mm. 

Pt  paste  (Heraeus  CLU5100)  contacts  were  applied  and  fired  onto  the  faces  of  the  sintered  discs  at 
1000°C.  Pt  screen  current  collectors  were  attached  with  a  second  thin  layer  of  Pt  paste. 

Samples  were  placed  in  an  Inconel  retort  for  electric  property  measurements  as  a  function  of  oxygen 
partial  pressure  and  temperature.  The  retort  was  fitted  with  gas  inlet  and  exit  ports,  thermocouple 
wells,  and  electrical  feed  through  and  heated  in  a  Sola  Basic  Lindberg  furnace.  The  high  P02  gas 
environments  were  provided  by  mixtures  of  02,  N2,  and  C02.  The  low  P02  environments  were  estab¬ 
lished  with  H2  and  H2  -  N2  mixtures  passed  through  a  water  saturator  set  at  25  °  -  85 0 C.  Measurements 
were  taken  at  a  high  P02,  (0.1  atm),  then  the  lower  P02s,  and  finally  the  high  P02  was  repeated  to 
ensure  no  mechanical  damage  had  occurred  as  a  result  of  the  partial  reduction  of  the  ceria.  These 
experimental  procedures  led  to  stable,  and  reproducible  data. 

AC  impedance  analysis  was  used  to  separate  electrode  impedance  from  the  impedance  of  the  ceramic 
electrolyte.  A  Solatron  1250  Frequency  Response  Analyzer,  and  a  1286  electrochemical  interface,  both 
controlled  by  an  IBM-XT  computer  with  Z-Plot™  software  was  used  to  obtain  the  impedance  spec¬ 
tra.  At  700°C,  the  usual  measurement  temperature,  the  complex  plane  impedance  plot  generally 
showed  the  intersection  of  the  low  impedance  end  of  the  electrode  impedance  arc  with  the  real  axis. 
See  for  example  Figure  1  taken  from  reference  4.  This  value  was  taken  as  the  overall  electrolyte  imped¬ 
ance.  Volume  conductivity  was  calculated  as  usual  from  the  geometric  factors  and  corrected  for  poros¬ 
ity  by  the  Bruggeman  equation  using  a  power  of  1.5(1).  At  lower  temperatures  electrolyte  bulk  and 
grain  boundary  impedances  could  also  be  measured.  At  the  lowest  P02  levels  the  ionic  impedance  was 
essentially  shorted  by  the  electronic  conduction  and  only  a  single  point  plot  resulted. 
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Figure  1.  (A)  Schematic  diagram  of  a  complex  impedance  plot  showing  arcs 
due  to  three  processes.  The  arrow  indicates  the  direction  of 
increasing  frequency.  (B)  The  equivalent  circuit  that  gives  rise  to 
the  three  arcs  shown  in  (A). 
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2.2  Verification  of  Improved  Electrolytic  Domain  Boundary  by  AC  Impedance  Analysis 

Improvement  in  the  level  of  electronic  shorting  induced  in  the  ceria  electrolyte  under  anode  (reducing) 
conditions  was  assessed  by  measuring  the  electrolytic  domain  boundary  (EDB).  The  EDB  was  deter¬ 
mined  by  measuring  the  electrolyte  impedance  under  gas  compositions  with  a  P02  ranging  from  10" 1 
to  1 0-24  atm  at  700°C  as  described  in  section  2.1.  The  value  of  the  volume  conductivity  calculated  from 
the  P02 10" 1  atm  data  was  assumed  to  be  the  ionic  conductivity.  The  increase  in  volume  conductivity 
observed  as  the  P02  was  lowered  was  taken  as  the  electronic  conductivity.  This  allowed  calculation  of 
the  electronic  conductivity  at  any  P02  simply  by  subtracting  the  ionic  conductivity  from  any  increase 
in  conductivity  observed  at  low  P02  (2).  The  electrolytic  domain  boundary  was  defined  as  the  PO2  at 
which  the  electronic  and  ionic  conductivities  are  equal. 

The  improved  experimental  techniques  described  in  section  2.1  were  used  in  order  to  ensure  steady 
reproducible  conductivity  measurements.  A  sample  of  Ceo.8Gdo.2C>2-Y  was  measured  with  the  same 
techniques  as  a  reference  point,  and  for  comparison  to  EDB  values  from  the  literature. 

Figure  2  illustrates  the  impact  of  dopant  A  on  the  total  conductivity  of  the  doped  ceria  electrolytes  at 
700°C.  Based  on  this  data,  the  ionic  conductivity  is  enhanced,  while  the  electronic  conductivity  is 
depressed.  The  net  result  is  a  reduction  in  the  EDB  of  2  orders  of  magnitude.  This  is  illustrated  in 
Table  I.  Measurements  on  each  of  two  samples  with  and  without  1  atom  percent  dopant  A  are  com¬ 
pared  with  results  calculated  from  data  of  Kudo  and  Obayashi(3)  for  Gd  doped  ceria.  In  this  and 
following  tables  cr,on  refers  to  the  ionic  conductivity,  crei  to  the  electronic  conductivity,  and  EDB  to  the 
electrolytic  domain  boundary. 


TABLE  I 

ELECTRICAL  PROPERTIES  OF  DOPE 
CERIA  ELECTROLYTES  AT  700°C 


crion 

o*I 

po2=  0.1 

po2=io-23 

EDB 

Composition 

(S/cm) 

(S/cm) 

(atm) 

Ce0.8Gd0.202-Y  -  This  study 

2.8xl0~2 

4.7X10-1 

3.5xl0-19 

Ce0.8Gd0.202-Y  -  This  study 

1.4xl0-2 

1.8xl(H 

1.3x10- 19 

Ce0.8Gd0.202-Y  -  Ref  (3) 

4.7x10-2 

4.6X10"1 

1.24x10" 19 

Oxide  B1 

3.7x10-2 

1.9X10"1 

4.6x10-2 1 

Oxide  B1 

4.2x10-2 

2.6X10-1 

4.7x10-21 

The  reduction  in  EDB  accomplished  by  dopant  A  is  consistent  and  reproducible.  The  value  of  the 
ionic  conductivity  of  Gd  doped  ceria  is  lower  in  this  work  then  Kudo  and  Obayashi(3).  This  may  reflect 
a  different  micro  structure  or  level  of  impurities. 


1  T  I  |  I  |  I  T  I  |  1  |  I  |  I  |  I  |  I  |  I  |  I  1 

2  4  6  8  10  12  14  16  18  20  22  24 

-L0G(P02) 


Figure  2.  Total  Conductivity  as  a  Function  of  Oxygen 
Partial  Pressure  700°C 
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23  Optimization  of  Composition 

The  one  metal  atom  percent  dopant  A  level  used  initially  was  selected  on  the  basis  of  some  early  work 
which  showed  no  benefit  at  the  5  to  20  percent  level.  However,  it  is  necessary  to  determine  the  opti¬ 
mum  level  for  the  dopant.  This  was  done  by  varying  the  dopant  A  level  over  the  range  of  .01  to  6  metal 
atom  percent.  The  compositions  tested  were:  Oxide  B4,  Oxide  Bl,  Oxide  B3,  and  Oxide  B6.  The 
EDBs  and  the  electronic  conductivity  at  a  P02  of  10-23  and  700°C  are  shown  in  Figures  3  and  4.  Both 
reach  a  broad  minimum  in  the  1  -  3  metal  atom  percent  range.  This  is  the  optimum  composition  for 
this  dopant,  and  the  data  shown  in  section  2.2  represents  near  optimum  electrical  properties  for  these 
materials. 

Table  II  shows  the  conductivity  data  obtained  on  these  materials  in  tabular  form.  It  is  clear  that  the 
dopant  A  level  has  no  impact  on  the  ionic  conductivity  over  the  range  of  compositions  studied.  This 
suggests  that  the  low  ionic  conductivity  reported  in  section  2.2  for  Ceo.8Gdo.2(D2-Y  in  this  study  relative 
to  Kudo  and  Obayashi(3)  was  likely  due  to  poor  micro  structure,  and  that  the  effect  of  dopant  A  is 
primarily  to  lower  the  electronic  conductivity. 

TABLE  II 

ELECTRONIC  PROPERTIES  OF  DOUBLY  DOPED  CERIA 
EFFECT  OF  DOPANT  LEVEL 
700°C 


Composition 

Dopant  A 

Level 

(metal  atom%) 

oion 

PO2  =  0.1 
(S/cm) 

oel 

PO2  =  10-2 
(S/cm) 

EDB 

(atm) 

Oxide  B4 

0.1 

4.2xl0-2 

2.7X10-1 

7.5x10-2 1 

Oxide  Bl 

1.0 

3.7x10-2 

1.9X10-1 

4.6x10-2 1 

Oxide  B3 

3.0 

4.3x10-2 

2.0x10- 1 

l.lxlO-21 

Oxide  B6 

6.0 

3.5x10-2 

2.3X10"1 

3.5x10-21 
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Dopant  A  Level 


Figure  4.  Electronic  Conductivity  at  PO2  =  10 r23  Vs. 
Dopant  A  Level 
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2.4  Measurement  of  Activation  Energy  of  Electronic  and  Ionic  Conductivity 

Measurement  of  the  behavior  of  electronic  and  ionic  conductivity  as  a  function  of  temperature  was 
undertaken  for  two  important  reasons,  one  practical  and  one  theoretical.  No  high  power  density  fuel 
cell  can  be  operated  as  an  isothermal  device  due  to  waste  heat  rejection  requirements.  Therefor  quan¬ 
titative  prediction  of  the  effect  of  temperature  on  conductivity  (power  density),  and  on  the  EDB  (effi¬ 
ciency)  is  required  to  assess  the  useful  operating  temperature  range  of  this  new  fuel  cell  electrolyte. 
Secondly,  analysis  of  the  change  in  the  electronic  conductivity  with  temperature  can  help  us  under¬ 
stand  the  mechanism  by  which  the  dopant  lowers  the  EDB. 

The  activation  energy  of  the  ionic  conduction  (Ei)  was  determined  by  measuring  the  conductivity  at  a 
P02  of  0.1  atm  and  plotting  o-T  vs  10VT  (<r  =  conductivity).  The  plot  for  Oxide  B3  is  shown  in  Figure  5. 
The  slope  yields  an  activation  energy  of  0.73  eV.  This  is  in  good  agreement  with  the  value  of  0.69  eV 
calculated  for  Ceo.8Gdo.202-Y  from  the  data  in  Figure  6  of  reference  (3).  This  indicates  that  the  dop¬ 
ant  is  not  altering  the  conduction  of  O  =  in  the  ceria  lattice. 

The  impact  of  temperature  on  electronic  conductivity  was  determined  by  measuring  the  total  conduc¬ 
tivity  as  a  function  of  P02  at  three  temperatures.  The  ionic  conductivity  was  then  subtracted  to  yield 
crel  vs  P02  at  the  three  temperatures.  This  data  is  shown  in  Figure  6.  Best  fit  lines  of  slope  =  - 1/4  were 
drawn  through  the  data  at  each  temperature.  Extrapolation  to  P02  =  10" 18  yielded  at\  as  a  function  of 
temperature  at  a  fixed  P02.  This  data  plotted  as  oT  vs  1(P/T  is  shown  in  Figure  7,  and  yields  an  activa¬ 
tion  energy  of  2.18  eV. 

As  pointed  out  by  Kudo  and  Obayashi(3),  this  activation  energy  includes  the  enthalpy  of  reduction  of 
the  ceria  lattice  to  generate  the  electrons  as  well  as  the  activation  energy  for  the  mobility  of  the  elec¬ 
trons  (Ee).  However,  since  Ee  <  <  Ej,  and  Ej  =  0.73  eV  the  measured  activation  energy  is  dominated 
by  the  enthalpy  of  reduction  term.  In  fact,  if  one  calculates  the  enthalpy  of  reduction  per  electron  from 
Figure  7  of  reference  (3)  for  the  composition  Ceo.8Gdo.202_Y  one  obtains  a  very  similar  value  of  2.17 
eV.  This  indicates  that  dopant  A  has  not  stabilized  the  ceria  lattice  against  reduction,  but  more  likely 
has  reduced  the  number  of  electronic  carriers  by  trapping  electrons  in  agreement  with  the  original 
hypotheses. 

The  data  in  Figure  6  also  yields  EDB  vs  temperature  by  noting  the  P02  at  which  the  electronic  conduc¬ 
tivity  intersects  the  ionic  conductivity  value  (marked  by  cross  bars  in  Figure  6).  Figure  8  shows  the 
EDB  plotted  vs  llP/T  for  Oxide  B3  from  this  work,  and  compares  it  to  Ceo.8Gdo.202-Y  from  reference 
(3).  This  illustrates  that  the  nearly  two  orders  of  magnitude  improvement  in  EDB  holds  over  the  whole 
temperature  range  of  interest  to  fiiel  cells.  The  value  of  the  EDB  at  700°C  taken  from  the  least  squares 
fit  of  this  data  is  3.7xl0"21  for  Oxide  B3  vs  1.24x10" 19  for  Ceo.8Gdo.2C>2-Y  from  the  data  of  Kudo  and 
Obayashi  (3). 

Figure  8  also  provides  insight  into  the  upper  temperature  limit  for  useful  fuel  cell  operation.  Higher 
temperatures  improve  power  density,  but  limit  efficiency  due  to  the  increasing  EDB.  This  data  will  be 
useful  in  predicting  ceria  cell  performance  as  a  function  of  temperature  and  fuel  composition. 
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Figure  7.  Electronic  Conductivity  -  Temperature  Behav¬ 
ior  Oxide  B3  at  PO2  *  10"18 
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2.5  Analysis  of  Bulk  and  Grain  Boundary  Conductivities  as  a  Function  of  Temperature 

A  major  advantage  of  using  AC  impedance  analysis  for  the  study  of  solid  state  electrolytes  is  the  op¬ 
portunity  to  separate  grain  boundary  from  bulk  resistances.  An  operating  fuel  cell  must  contend  with 
both  sources  of  polarization  losses,  however,  understanding  the  fundamental  causes  often  leads  to 
opportunities  for  engineering  the  material  to  optimize  performance.  In  this  case  the  bulk  conductivity 
is  a  basic  material  property,  but  the  grain  boundary  conductivity  is  determined  by  micro-structure  and 
grain  boundary  chemistry  (4).  These  are  influenced  primarily  by  processing  parameters  and  are  there¬ 
for  amenable  to  improvement  by  changes  in  processing  technique.  Separation  of  these  two  sources  of 
iR  losses  is  important  in  order  to  assess  how  much  more  improvement  in  the  electrical  properties  of 
the  doped  ceria  might  be  possible. 

Increasing  the  ionic  conductivity  has  a  dual  benefit.  It  improves  the  potential  power  density  at  a  given 
electrolyte  thickness,  and  at  a  fixed  electronic  conductivity  vs  P02  relationship,  it  lowers  the  EDB, 
improving  efficiency.  This  provides  strong  incentive  for  determining  if  grain  boundary  resistance  con¬ 
tributes  substantially  to  overall  electrolyte  resistance. 

In  order  to  separate  the  grain  boundary  from  the  bulk  impedance  within  the  frequency  range  available 
from  the  Solartron  1250  FRA,  it  was  necessary  to  lower  the  temperature  well  below  700°C.  At  temper¬ 
atures  in  the  200  -  300°C  range,  two  additional  arcs  are  seen  on  the  complex  plane  impedance  plot  (see 
Figure  2).  Both  lie  between  the  lower  end  of  the  electrode  curve  and  0  on  the  real  axis.  The  intersection 
of  the  upper  end  of  the  lowest  arc  on  the  real  axis  is  assigned  to  the  bulk,  or  lattice  resistance,  while  the 
width  of  the  intermediate  arc  on  the  real  axis  measures  the  grain  boundary  resistance  (4X5). 

This  technique  was  used  to  measure  the  bulk  and  grain  boundary  conductivities  of  several  dopant  A 
ceria  samples  as  a  function  of  temperature.  For  reference  Ceo.8Gdo.2C>2-Y  was  also  included.  Figure  9 
shows  an  example  of  conductivity  plotted  vs.  KP/T  for  Ceo  8Gdo.2O2.Y-  Table  III  presents  the  bulk  and 
grain  boundary  conductivities  extrapolated  to  700°C  and  the  activation  energies  deduced  from  plots  of 
crT  vs  KP/T.  Figure  10  illustrates  this  type  of  plot  for  Oxide  Bl. 

TABLE  III 

BULK  AND  GRAIN  BOUNDARY  CONDUCTIVITIES 
700 °C,  P02  =  0.1 


°Bulk 

<7Gb 

EBulk 

Ecb 

Compound 

(S/cm) 

(S/cm) 

eV 

eV 

Ceo.8Gdo.202-Y 

1.5x10“ 1 

9.9xl0“2 

1.05 

1.16 

Oxide  Bl 

1.4x10“ 1 

6.9xl0-2 

0.92 

1.02 

Oxide  B3 

3.4X10-1 

* 

0.90 

* 

Oxide  B6 

1.04X10-1 

9.9X10-1 

0.80 

0.98 

*  Insufficient  data 


Inspection  of  the  data  in  Table  HI  reveals  that  the  bulk  conductivity  of  the  B  type  samples  is  approxi¬ 
mately  twice  the  grain  boundary  conductivity.  This  means  the  grain  boundary  resistance  is  limiting  the 
overall  ionic  conductivity,  and  substantial  gains  in  ionic  conductivity,  and  reduction  of  the  EDB 
should  result  when  the  micro-structure  is  improved  to  minimize  grain  boundary  resistance. 
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2.6  Impact  of  Grain  Size  on  Electronic  and  Ionic  Conductivity 

In  order  to  use  ceria  as  a  practical  fuel  cell  electrolyte,  a  density  high  enough  to  ensure  no  reactant 
cross  leakage  is  required.  Densities  of  the  samples  tested  up  to  this  point  in  the  program  ranged  from 
85-90  percent  of  theoretical.  This  is  not  high  enough  to  ensure  no  through  porosity.  One  approach  to 
improving  density  is  to  use  a  high  surface  area,  and  therefor  more  sinterable  starting  material.  This 
was  accomplished  by  starting  the  mixed  oxide  synthesis  with  Opaline,  a  naturally  occurring  ceria  avail¬ 
able  from  Rhone  Poulenc.  This  material  has  a  relatively  uniform  particle  size  which  lies  mostly  below 

In 

Discs  prepared  from  Opaline  did  achieve  an  increase  in  density,  to  93  percent  of  theoretical.  However, 
when  the  electrical  properties  were  measured  this  was  found  to  be  at  the  expense  of  ionic  conductivity. 
The  data  is  shown  in  Table  IV 

TABLE  IV 

ELECTRICAL  PROPERTIES  OF  OXIDE  B7  MADE  FROM  <lfi  CERIA.  700°C 
cion  ael  EDB 

PO2  =  0.1  po2  =  io-23 

(S/cm)  (S/cm)  (atm) 

2.5xia-2  1. 14x10“ 1  4.5xl0“21 

Both  the  ionic  and  electronic  conductivities  are  lower  by  a  factor  of  2  then  the  data  for  Oxide  B7  made 
from  the  99.999  percent  oxides  with  larger  particle  size.  The  smaller  grain  size  which  led  to  higher 
density  also  reduced  the  conductivities.  Although  the  EDB  is  unchanged,  the  lower  conductivity 
would  adversely  affect  the  potential  fuel  cell  power  density.  This  approach  to  improving  density  was 
not  pursued. 

2.7  New  Compositions 

It  is  of  interest  to  know  whether  dopant  A  is  the  only  or  even  the  most  effective  dopant.  Other  elements 
have  similar  properties  and  might  perform  the  same  function.  Dopant  B  is  a  candidate.  A  sample  of 
Oxide  B5  was  prepared  and  subjected  to  electrical  evaluation.  The  data  shown  in  Table  V  illustrates 
that  dopant  B  produces  the  same  reduction  in  EDB  as  dopant  A. 

TABLE  V 

ELECTRICAL  PROPERTIES  OF  OXIDE  B5  AT  700°C 

on  oej  EDB  OB„lk  ocb 

PO2  =  0.I  PO2  =  10-23  PO2  =  0.1  PO2  =  0.1 

(S/cm)  (S/cm)  (atm)  (S/cm)  (S/cm) 

4.3x10-2  l.TxlO-1  2.6x10-21  1.88X10-1  4.8xl0"2 

Figure  11  shows  the  bulk,  and  grain  boundary  conductivities  plotted  vs  temperature.  The  activation 
energies  obtained  from  the  oT  plots  were  0.94  eV  and  0.93  eV  for  the  lattice  and  grain  boundary  con¬ 
ductivities  respectively. 

A  similar  possibility  is  to  use  dopant  B  and  dopant  A.  This  combination  was  also  explored  briefly, 
total  conductivity  vs  P02  was  measured  for  the  composition  Oxide  Al.  The  ionic  conductivity  was 
3.7x10"2,  and  the  EDB  6x10 “24,  at  700°C.  These  values  are  identical  and  slightly  higher  respectively 
then  the  results  for  Oxide  B1  shown  in  Table  I.  It  broadens  the  scope  of  the  dopant  concept,  but  pro¬ 
vides  no  incentive  to  switch  to  dopant  B  as  the  primary  dopant. 
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Figure  11.  Conductivity  Vs.  Temperature,  PO2  =  0.1 
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Task  3  Experimental  Evaluation  of  Barrier  Layers  to  Increase  the  Ratio  of  Ionic  to 
Electronic  Conductivity 

3.1  Evaluation  of  Zirconia  as  Grain  Boundary  Barrier  Layer. 

Task  3  of  this  program  proposed  an  alternative  approach  for  lowering  the  EDB  of  ceria  based  electro¬ 
lytes.  This  ’’barrier  layer”  concept  involved  introducing  a  grain  boundary  phase  which  had  as  high  as 
possible  ionic  conductivity  at  700°C,  but  no  appreciable  electronic  conductivity.  This  was  viewed  as  a 
fall-back  approach  due  to  an  expected  ionic  conductivity  penalty. 

A  single  attempt  was  made  to  test  this  concept  based  on  a  gel  coating  process  developed  by  Prof.  Sa¬ 
mantha  Amarakoon  of  Alfred  University  (6X7).  A  sample  of  Oxide  B1  powder  was  sent  to  Alfred 
University,  where  it  was  gel  coated  with  yttria  stabilized  zirconia.  The  process  for  producing  the  gel 
coated  powder  is  described  in  a  report  by  Prof.  Amarakoon  which  is  attached  as  Appendix  A. 

The  two  phase  powder  with  an  electronically  insulating  zirconia  coating  around  a  core  of  doped  ceria 
was  analyzed  at  IFC  revealing  a  ZrC>2  level  of  1.3  wt  percent.  This  material  was  then  processed  into  a 
disc  as  described  in  Section  2.1.  No  changes  were  made  in  the  sinter  cycle  since  densities  were  already 
low.  The  plan  was  to  leave  the  Z1O2  as  a  grain  boundary  phase,  providing  a  barrier  to  electronic 
conduction.  Electrical  properties  are  shown  in  Table  VI. 

TABLE  VI 

ELECTRICAL  PROPERTIES  OF  OXIDE  B1 
FABRICATED  FROM  Zr02  COATED  POWDERS 
700°C 


"ion 

"el 

EDB 

"Bulk 

"Gb 

PO2  =  0.1 

P02  =  10-23 

PO2  =  0.1 

PO2  =  0.1 

(S/cm) 

(S/cm) 

(atm) 

(S/cm) 

(S/cm) 

3.0xl0"2 

1.62X10-1 

l.lxlO-20 

7.8x10-2 

1.15X10-1 

Comparison  of  this  data  with  Tkble  HI  reveals  that  the  net  result  of  adding  the  Zr02  was  to  lower  the 
ionic  conductivity  while  leaving  the  electronic  conductivity  almost  the  same.  This  raised  the  EDB,  the 
opposite  of  the  desired  result. 

Figure  12  shows  the  grain  boundary  and  bulk  conductivities  vs  temperature  data  for  this  sample.  The 
extrapolated  700°C  conductivities  (Table  VI)  compared  to  the  uncoated  sample  of  the  same  composi¬ 
tion  (Table  III)  show  lower  bulk  conductivity  and  higher  grain  boundary  conductivity.  This  is  just  the 
reverse  of  the  expected  result  if  the  ZrOz  were  a  grain  boundary  phase.  The  implication  is  that  the  Zr 
diffused  into  the  ceria  during  the  sinter  cycle,  lowering  the  bulk  ionic  conductivity. 

A  sintered  sample  was  returned  to  Alfred  University  for  verification  of  this  conclusion  by  transmis¬ 
sion  electron  microscopy.  The  results  reported  in  Appendix  A  concur  with  the  electrical  measure¬ 
ments.  Zirconia  was  found  throughout  the  polycrystaline  ceramic  rather  then  concentrated  in  the 
grain  boundary  regions. 

The  Zr02  did  however  perform  the  roll  of  a  sintering  aid.  This  led  to  a  high  density  (93%  of  theoretical) 
which  presumably  helped  improve  the  grain  boundary  conductivity.  The  activation  energies  from  oT 
vs  lCP/T  analysis  were  0.98  eV,  and  0.88  eV  for  grain  boundary  and  bulk  conductivities,  respectively. 
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On  the  basis  of  this  experience,  the  doping  concept,  rather  than  the  barrier  layer,  was  selected  as  the 
preferred  approach.  This  decision  reflected  primarily  the  perceived  difficulty  of  achieving  phase  sepa¬ 
ration  and  density  at  the  same  time  with  a  practical  fabrication  process. 

Phase  I  Program  Review 

A.  Recommended  Approach 

The  most  promising  approach  to  reducing  the  electronic  conductivity  of  Ce02  electrolytes  has  been 
identified  as  modifying  the  composition  to  trap  the  electrons  produced  by  partial  reduction  of  the 
ceria  under  anode  conditions.  This  approach  forms  the  basis  of  a  Phase  II  program  plan  presented  in 
Appendix  B.  This  program  finishes  the  development  of  the  electrolyte  and  develops  anode  and  cath¬ 
ode  materials  and  application  process.  The  plan  continues  development  of  a  ceria  electrolyte  fuel  cell 
system  capable  of  high  power  density  operation.  It  culminates  with  demonstration  of  the  technology  at 
the  1  kW  level 

B.  Calculated  Cell  Performance  Parameters 

The  data  presented  in  Task  2  has  been  expressed  in  terms  of  fundamental  electrical  properties  of  the 
ceramic  ceria  electrolyte.  In  order  to  assess  the  significance  of  the  improvements  made  to  fuel  cell 
operation,  the  model  developed  at  UTC(8)  was  used  to  illustrate  the  improvement  in  fuel  cell  operating 
parameters. 

Since  no  electrodes  have  been  specifically  developed  for  ceria  electrolytes,  and  this  program  is  con¬ 
cerned  with  electrolyte  properties  only,  electrode  losses  were  not  considered  (assumed  =  0).  An  anode 
PC>2of  4X10-22  atm,  simulating  a  reformed  hydrogen  fuel  at  700°C,  was  assumed.  The  electronic  prop¬ 
erties  of  Ceo.8Gdo.2C>2-Y,  and  Oxide  B1  were  taken  from  this  work.  Table  I,  Task  2.2. 

Figure  13  illustrates  the  calculated  performance  improvement  for  Oxide  B1  relative  to  Ceo.gGdtuC^-Y 
in  terms  of  the  usual  current  voltage  plot.  The  higher  performance  for  the  former  is  primarily  due  to 
the  higher  ionic  conductivity  measured  for  the  dopant  A  doped  material.  At  low  current  densities  the 
lower  electrolytic  domain  boundary  also  contributes  to  higher  performance  for  the  Oxide  B1  material. 

Also  plotted  is  the  calculated  electronic  short  current.  This  is  reduced  by  a  factor  of  two  at  low  current 
densities  as  a  result  of  the  lowered  EDB  for  the  dopant  A  material.  The  short  current  is  a  steep  non 
linear  function  of  cell  voltage  (and  therefor  current  density).  As  the  cell  polarizes,  the  PO2  at  the  sur¬ 
face  of  the  anode  rises,  lowering  the  electronic  conductivity  (raising  the  ionic  transference  number).  At 
the  same  time  the  driving  voltage  across  the  electronic  conductance  also  decreases.  The  combined 
influence  of  these  effects  is  responsible  for  the  rapid  drop  off  in  electronic  short  current  as  the  cell 
voltage  is  lowered  by  increasing  the  current  density.  This  reduction  in  the  electronic  short  current  is 
the  primary  achievement  of  this  program. 

Figure  14  shows  the  calculated  thermal  cell  efficiency  for  both  materials  plotted  on  the  same  standard 
current  voltage  curve.  The  thermal  cell  efficiency  is  defined  as  the  dc  power  out  of  the  cell  over  the 
higher  heating  value  of  the  fuel  consumed  electrochemically.  The  peak  thermal  cell  efficiency  has  been 
improved  from  40  to  48  percent  by  the  new  dopant.  This  curve  also  illustrates  that  the  only  real  impact 
of  the  electronic  short  on  fuel  cell  performance  is  reduced  efficiency  at  low  power.  At  a  typical  design 
voltage,  say  0.6  volts,  the  efficiency  is  controlled  almost  exclusively  by  the  resistive  losses  as  with  any 
other  solid  electrolyte  fuel  cell. 

Figure  15  overlays  a  cell  power  output  curve  (electrode  losses  assumed  =  0)  on  the  voltage  and  efficien¬ 
cy  plots  for  Oxide  Bl.  This  plot  illustrates  that  the  fall  off  in  efficiency  at  low  power  does  not  become 
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extreme  until  the  cell  power  output  falls  below  1/3  of  peak.  For  example  peak  power  at  0.6  volts/cell  and 
2  A/cm2  is  1.2  w/cm2.  At  0.4  w/cm2  the  efficiency  is  still  40  percent.  On  the  basis  of  cell  consideration 
alone,  this  provides  a  3:1  turndown  ratio  with  in  the  range  of  reasonable  fuel  cell  efficiencies. 
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Figure  13.  Estimated  Ceria  Electrolyte  Performance 


-23- 


ELECTRONIC 


CELL  VOLTS  OR  EFFICIENCY 


International  Fuel  Cells 


FCR-10824 


Figure  14.  Estimated  Ceria  Electrolyte  Performance 
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Figure  15.  Estimated  Ceria  Electrolyte  Performance 
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Objective 

Cerium  powders  used  in  solid  electrolyte  fuel  cells  tend  to  allow 
electronic  conductivity  under  reducing  PO2  conditions  and  this  is 
detrimental  to  the  cell's  performance.  Sol -gel  coating  of  the  cerium 
oxide  with  zirconia  was  attempted  in  hopes  cf  resisting  the  valance 
change  in  the  cerium  oxide  which  leads  to  the  backflow  in  the  cell. 
The  objective  was  to  provide  a  protective  skin  (i.e.  barrier)  of 
zirconia  around  the  ceria  particles  which  would  provide  for  a  valance 
stability  while  not  decreasing  ionic  conductivity. 

Procedure 

Experiments  were  performed  to  optimize  the  zirconia  sol -gel 
system  to  be  used  in  the  coating  process.  Emphasis  was  placed  on  the 
development  of  a  clear  gel  which  formed  in  less  than  two  hours  with 
proven  reproducibility.  The  system  selected  for  the  coating  process 
consisted  of  zirconium  n-butoxide  butanol  diluted  in  propanol  in  the 
ratio  1:3.  Hie  pH  of  the  solution  was  lowered  to  a  range  between  2-3 
by  the  addition  of  concentrated  nitric  acid.  Upon  the  addition  of  1ml 
of  water  per  20  ml  of  zirconium  n-butoxide  butanol,  the  system  gelled 
in  the  required  time  with  no  visible  precipitation  of  zirconia. 

For  the  purpose  of  coating  the  ceria  powders,  three  mole  percent 
of  yttrium  nitrate  was  also  included  in  the  gel-preparation.  The 
total  gel  used  in  coating  the  ceria  powders  equaled  three  mole  percent 
of  the  ceria  to  be  coated. 
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Coating  was  achieved  by  first  mixing  the  gel-solution  for  ten 
minutes  after  the  yttrium  addition  dissolved.  The  solution  was  then 
added  to  the  ceria  powders  with  excess  alcohol  and  ball  milled  with 
zirconia  media  for  two  hours.  After  separating  the  slurry  from  the 
media,  water  was  added  in  the  proportion  previously  stated,  and  the 
solution  was  magnetically  stirred  until  the  gellation  occurred. 

The  gelled  mass  was  air  dried,  crushed,  and  dried  at  60  C  for 
several  days  before  final  grinding  and  sieving  through  a  325  mesh 
screen.  These  powders  were  then  turned  over  to  National  Fuel  Cell 
where  they  were  pressed  into  disks  and  sintered. 

Two  sample  disks  were  returned  to  Alfred  University  for 
characterization.  STEM  analysis  was  carried  out  on  thin  sections  of 
the  coated  and  uncoated  samples  provided.  Figures  1  and  2  show  TEM 
micrographs  of  coated  and  uncoated  samples,  respectively,  which 
exhibit  well  sintered  grains  and  the  absence  of  second  phases  in  the 
grain  boundary  regions.  Electron  dispersive  spectrometry  (EDS) 
revealed  a  uniform  distribution  of  zirconia  in  the  grain  boundaries, 
triple  point  regions,  and  on  the  grain  surfaces  of  the  coated  disk. 
No  zirconium  was  detected  in  the  uncoated  disk,  as  would  be  expected. 
Figures  3-6  provide  the  EDS  analysis  results  for  a  grain  boundary, 
grain  surface  and  triple  point  region  in  the  coated  sample,  and  a 
triple  point  region  of  the  uncoated  sample,  respectively. 

Given  these  results,  it  seems  likely  that  a  skin  which  existed 
prior  to  sintering  formed  a  solid  solution  with  the  ceria  during  the 
sintering  process.  This  assumption  is  further  strengthened  by 
examination  of  the  cerium  oxide-  zirconium  oxide  phase  diagram  which 
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shows  wide  ranges  of  solid  solution  formation  (see  Figure  7).  The 
formation  of  this  solid  solution  defeats  the  effort  to  provide  a 
protective  skin;  therefore,  it  appears  unlikely  that  this  method  of 
gel  coating  is  applicable  to  National  Fuel  Cell's  needs  unless  the 
solid  solution  formation  can  be  prevented.  A  possible  solution  to 
this  problem  may  come  from: 

a.  Adjustment  of  coating  layer  composition 

b.  Adjustment  of  sintering  profile 

Specific  attention  must  be  paid  to  the  adjustment  of  the  sol -gel 
composition,  in  which  a  liquid  phase  may  be  incorporated  which  could 
crystallize  into  a  ZrO^  based  composition  on  annealing.  However,  the 
sintering  profile  needs  to  be  adjusted  so  that  liquid  phase  sintering 
could  take  place  with  subsequent  fast  cooling  to  allow  for  the  liquid 
phase  so  developed  to  remain  in  the  grain  boundary  region.  These 
regions  could  be  annealed  in  a  subsequent  firing  to  crystallize  the 

phase. 
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Figure  2-TEM  Photograph  of  Sintered,  Uncoated  Powder 
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Figure  3-EDS  of  Grain  Boundary  Region:  Coated  Powder 
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Figure  4-EDS  of  Grain:  Coated  Powder 
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Figure  5-EDS  of  Triple  Point  Region:  Coated  Powder 
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Fig.  127. — System  CeC>2-Zr02. 

Pol'Duwez  and  Francis  Odell,  J.  Am.  Ceram.  Soc.,  33 
[9]  280(1950). 


Figure  7-Phase  Diagram  for  Cerium  and  Zirconium  Oxides 
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